A series of ceria-zirconia mixed metal oxides with varying metal ratios were prepared by the calcination of precursors synthesized by mechanochemical grinding of the metal carbonates, and tested for catalytic naphthalene and propane total combustion. The mechanically-mixed metal oxides were more active for both propane and naphthalene total oxidation compared to the parent metal oxides. Ce 0.95 Zr 0.05 O x was the most active catalyst for the total combustion of propane and naphthalene. Catalysts were characterized by x-ray diffraction, BET surface area, laser Raman spectroscopy, temperature programmed reduction, scanning electron microscopy with energy dispersive x-ray analysis and x-ray photoelectron spectroscopy techniques. Formation of ceria-zirconia solid solutions was observed for catalysts with a zirconia content of 10% or lower, whereas ceria and zirconia phase separation was observed when zirconia content was above 25%. Surface area increased when ceria and zirconia were mixed, and the reduction temperature of the bulk shifted to lower temperatures upon increasing zirconia content. Incorporation of zirconia was found to increase the relative concentration of surface oxygen defects compared to pure ceria, with low amounts of zirconia showing the greatest increase. The concentration of oxygen defects correlates with propane and naphthalene total oxidation activity. The enhanced total oxidation activity occurs as a result of the increased number of oxygen defects and the higher surface area. The results demonstrate that mechanochemical preparation from carbonate precursors was an effective route to make active catalysts.
Introduction
Aromatic and short chain hydrocarbons form part of a broad range of atmospheric pollutants called volatile organic compounds (VOCs). These potent greenhouse gases are responsible for an array of environmental problems. They are responsible for the formation of ground level ozone [1, 2] and some can agglomerate and condense, forming particulates [3, 4] . Therefore, it is essential to reduce, and if possible, eliminate the emission of VOCs. Two model VOCs that are appropriate to study are propane and naphthalene.
Recently there has been an increase in the use of liquefied petroleum gas (LPG), which is a mixture of propane and other short chain hydrocarbons, as a transport fuel. Over 2.4 million barrels of LPG were used daily in the USA in 2012, rising to over 4 million in 2014 [5] . This trend has also been observed across the world. This is due to the cleaner combustion of LPG and increased cost efficiency compared to traditional fuels [6, 7] . Propane is also used by many industries, and the increased use has resulted in an increase in atmospheric propane emissions [7] .
Results and Discussion

Catalyst Performance
The catalytic activity of ceria-zirconia mixed metal oxide catalysts for the total oxidation of propane is shown in Figure 1 . Only 6% of the propane was converted at 600 • C in an empty reactor, indicating that contribution from gas phase homogeneous reactions was negligible. All catalysts demonstrated appreciable propane total oxidation activity, with a high selectivity to CO 2 (>99%). The ceria showed 100% propane conversion at 600 • C, whereas zirconia did not reach total conversion. The higher activity noted for the ceria compared to the zirconia can be attributed to the enhanced ability of ceria to activate C-H bonds as compared to zirconia [26] . Only one ceria-zirconia mixed metal oxide had lower propane total oxidation activity than the ceria, the Ce 0.50 Zr 0.50 O x , and the order of catalytic activity was: 
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Ce0.95Zr0.05Ox > Ce0.90Zr0.10Ox > Ce0.75Zr0.25Ox > CeO2 > Ce0.50Zr0.50Ox > ZrO2. Catalytic activity for the total oxidation of propane over the ceria-zirconia mixed metal oxide catalysts prepared using carbonate precursors. Reaction conditions: GHSV = 45,000 h -1 , 5000 ppm propane in air. Legend refers to Ce:Zr ratios.
The catalytic performance of naphthalene total oxidation over the ceria-zirconia mixed metal oxides is shown in Figure 2 . A blank reaction showed that no significant homogenous gas phase total oxidation of naphthalene occurred. The zirconia had no activity over the temperature range, and this was also observed in zirconia prepared by urea and sodium carbonate precipitation methods [16] . Ceria could not convert all the naphthalene into CO2 within the temperature range. However, when zirconia was added to the ceria lattice, there was a significant increase in naphthalene total oxidation activity. All ceria-zirconia mixed metal oxides had increased activity compared to their parent single metal oxides, the trend of activity was:
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The catalytic performance of naphthalene total oxidation over the ceria-zirconia mixed metal oxides is shown in Figure 2 . A blank reaction showed that no significant homogenous gas phase total oxidation of naphthalene occurred. The zirconia had no activity over the temperature range, and this was also observed in zirconia prepared by urea and sodium carbonate precipitation methods [16] . Ceria could not convert all the naphthalene into CO 2 within the temperature range. However, when zirconia was added to the ceria lattice, there was a significant increase in naphthalene total oxidation activity. All ceria-zirconia mixed metal oxides had increased activity compared to their parent single metal oxides, the trend of activity was: Catalytic activity for the total oxidation of naphthalene for the ceria-zirconia mixed metal oxide catalysts prepared using carbonate precursors. Reaction conditions: GHSV = 45,000 h -1 , 100 vppm naphthalene in 20% O2 balanced with He. Legend refers to different Ce:Zr ratios.
Catalyst Characterisation
The catalyst powder x-ray diffraction (XRD) patterns, and further derived data, are shown in Figure 3 and Table 1 respectively. The XRD pattern of the ceria shows four major peaks at 28°, 33°, 49°, and 57°, corresponding to the respective (111), (200), (220), and (311) lattice planes of cubic fluorite CeO2 [27] . The XRD pattern of the zirconia showed low intensity peaks at 30°, 34°, 51°, and 59°, indicating that the zirconia has low crystallinity and is present in the tetragonal phase [28] . However, due to the weak intensity and broad nature of the peaks, it is difficult to analyze if other zirconia phases are present. Analysis of the ceria-zirconia mixed metal oxides showed four dominant diffraction peaks assigned to the ceria cubic fluorite structure. The intensity of the peaks decreased as the zirconia content increased. There was also a shift in the position of the diffraction peaks (e.g., data for (111), 
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The catalyst powder x-ray diffraction (XRD) patterns, and further derived data, are shown in Figure 3 and Table 1 respectively. The XRD pattern of the ceria shows four major peaks at 28°, 33°, 49°, and 57°, corresponding to the respective (111), (200), (220), and (311) lattice planes of cubic fluorite CeO2 [27] . The XRD pattern of the zirconia showed low intensity peaks at 30°, 34°, 51°, and 59°, indicating that the zirconia has low crystallinity and is present in the tetragonal phase [28] . However, due to the weak intensity and broad nature of the peaks, it is difficult to analyze if other zirconia phases are present. Analysis of the ceria-zirconia mixed metal oxides showed four dominant diffraction peaks assigned to the ceria cubic fluorite structure. The intensity of the peaks decreased as the zirconia content increased. There was also a shift in the position of the diffraction peaks (e.g., data for (111), Analysis of the ceria-zirconia mixed metal oxides showed four dominant diffraction peaks assigned to the ceria cubic fluorite structure. The intensity of the peaks decreased as the zirconia content increased. There was also a shift in the position of the diffraction peaks (e.g., data for (111), shown in Table 1 ), upon increasing the zirconia content. This indicates modification of the ceria lattice parameter by zirconia incorporation [16, 29] . When the zirconia content of the mixed metal oxide was above 25%, a shoulder peak at 30 • was observed, denoting the presence of bulk tetragonal zirconia, confirming the formation of phase-separated ceria and zirconia. Consequently, single ceria-zirconia solid solution phases were only observed at lower zirconia concentrations. It was previously noted that the simultaneous presence of bulk zirconia in ceria-zirconia mixed metal oxides leads to less active naphthalene total oxidation catalysts [16] . Consequently, the decrease in naphthalene total oxidation activity of the ceria-zirconia catalysts prepared mechanochemically from carbonates upon increasing zirconia content may be due to the poorer mixing of components and more phase segregation.
The Scherrer equation was used to calculate the average crystallite size from the XRD patterns. The four dominant peaks in each pattern were analyzed. The ceria had the largest crystallite size, and zirconia the smallest. The addition of zirconia to ceria resulted in a decrease in crystallite size, with all mixed metal oxides showing crystallite sizes smaller than ceria-this has been observed for other ceria-zirconia catalysts [14] . However, the crystallite size for mixed component catalysts begins to increase for Ce 0.50 Zr 0.50 O x , suggesting the phase separation is causing crystallite size growth.
Along with decreasing crystallite size, the lattice parameter and unit cell decrease upon the addition of zirconia into the ceria lattice. The contraction of the ceria lattice parameter is expected, due to the smaller ionic radius of the zirconium compared to cerium [30] . The contraction of the lattice parameter on zirconium incorporation into the cubic fluorite ceria lattice is well known [31, 32] . The incorporation of zirconium into the ceria lattice will also result in the formation of defect sites, leading to the displacement of oxygen atoms, forming oxygen vacancies, and causing the cerium and zirconium to be displaced also [33] . To consolidate the displacement of lattice atoms, the lattice structure will compress, causing the decrease in unit cell that is observed. Table 2 shows a summary of the characterization data for the ceria-zirconia mixed metal oxide catalysts. The ceria and zirconia have the lowest surface area of the range of catalysts. Once any amount of zirconia is added to the ceria, the surface area increases by about 20% compared to the pure metal oxide samples. This trend has also been observed in previous studies [35, 36] , with the increase assigned to the smaller crystallite size of ceria-mixed metal oxides compared to the ceria [37] . Higher surface area was noted to be a factor for more active ceria catalysts for VOC total oxidation [38] . Surface normalized rates of propane total oxidation are shown in Table 2 . There is no simple relationship between surface area and reaction rates, suggesting that other factors beyond just surface area also influence catalyst performance.
The ceria-zirconia catalysts were characterized using laser Raman spectroscopy (Figure 4 ). Only one Raman mode, centered at 464 cm −1 , was observed for the ceria, which is characteristic of the cubic fluorite phase (F 2g ) [27] . The zirconia had five weak Raman active modes centered at 247 cm −1 , Catalysts 2019, 9, 475 6 of 15 307 cm −1 , 464 cm −1 , 596 cm −1 , and 626 cm −1 , which are characteristic of the tetragonal zirconia phase (A 1g + 3E e + B1 g ). This confirms the XRD analysis, in which only one phase was observed for both single metal oxides. All the ceria-zirconia catalysts had only one Raman band centered at 464 cm −1 , confirming the findings from XRD, in which the cubic fluorite ceria phase was prominent. The intensity of the ceria band decreased upon the increase in zirconia content, and this was accompanied by an increase in the Catalysts 2019, 9, 475 7 of 15 full width half maximum (FWHM) ( Table 2 ). The ceria had the smallest FWHM, and it increased upon the increase in zirconia content, with the Ce 0.50 Zr 0.50 O x having the largest FWHM. The increase in FWHM can be assigned to a range of factors, including reduction in crystallite size [39] and increased oxygen vacancies [40] . With the crystallite sizes decreasing upon the addition of zirconia into the ceria, this will certainly affect the FWHM, causing it to increase. However, zirconia substitution will also form oxygen vacancies, and these will also increase the FWHM. The increase in oxygen vacancies will lead to more active oxygen species being present on the surface of the catalysts, and this will be an important descriptor for catalyst activity.
Reduction profiles of the ceria-zirconia mixed metal oxides are shown in Figure 5 . The ceria had two reduction regions, one at approximately 500 • C and the second at 800 • C, which attributed to surface reduction and bulk reduction, respectively. Two peaks were noted for surface reduction of the ceria, suggesting that Ce 3+ and Ce 4+ were both present on the surface of the ceria. As Ce 4+ is easier to reduce than Ce 3+ , the first surface reduction region can be assigned to the Ce 4+ and the higher temperature region to Ce 3+ [36] . The zirconia had two reduction peaks, at 540 • C and 735 • C, assigned to the formation of surface hydroxide groups [41] , and bulk zirconia reduction [42] , respectively.
When zirconia was incorporated into the lattice, the profiles become less well-defined. Two regions of reduction were noted for all the ceria-zirconia catalysts, one between 350 • C and 550 • C, representing surface reduction, and the other around 730 • C, representing bulk reduction. The surface reduction feature indicates that both Ce 4+ and Ce 3+ were present on the surface. The reduction behaviour of Ce 0.50 Zr 0.50 O x was slightly different from the other ceria-zirconia catalysts, as it had an additional reduction peak present at 600 • C, which could be due to a reduction in the presence of phase separated zirconia. The temperature of the surface reduction region remains the same as the non-modified ceria. However, the intensity of the peaks was reduced, indicating the extent of surface ceria reduction was decreased for Ce 0.50 Zr 0.50 O x . Zirconia is known to enhance the reduction properties of ceria, this is demonstrated by influencing bulk reduction [14, 15, 31] . The reduction temperature of bulk ceria significantly decreased when zirconia was added to ceria by the mechanochemical carbonate preparation. Consequently, the oxygen mobility of the ceria-zirconia lattice was enhanced, increasing oxygen availability for oxidation catalysis. The hydrogen consumption for the reduction in the surface species on the ceria-zirconia catalysts is shown in Table 2 . The ceria had the lowest hydrogen consumption, and this value increased upon the addition of zirconia. Once the zirconia content of the mixed metal oxide was above 10%, the hydrogen consumption remained unchanged. This effect has also been noted in ceriazirconia mixed metal oxides prepared using urea coprecipitation [16] . When the surface hydrogen consumption is normalized to surface area, the difference in hydrogen consumption is negated. This suggests the difference in hydrogen consumption of the surface between the samples is due to surface area rather than other factors. The hydrogen consumption for the reduction in the surface species on the ceria-zirconia catalysts is shown in Table 2 . The ceria had the lowest hydrogen consumption, and this value increased upon the addition of zirconia. Once the zirconia content of the mixed metal oxide was above 10%, the hydrogen consumption remained unchanged. This effect has also been noted in ceria-zirconia mixed metal oxides prepared using urea coprecipitation [16] . When the surface hydrogen consumption is normalized to surface area, the difference in hydrogen consumption is negated. This suggests the difference in hydrogen consumption of the surface between the samples is due to surface area rather than other factors.
Scanning electron microscopy and energy dispersive x-ray (SEM-EDX) mapping of the mixed ceria-zirconia catalysts is shown in Figure 6 . There is a homogenous distribution of cerium and zirconium on the nanometer scale over the Ce 0.95 Zr 0.05 O x and Ce 0.90 Zr 0.10 O x samples. This indicates intimate mixing of the components throughout the catalyst. However, once the zirconia content is increased above 25%, regions enriched with cerium and zirconium are apparent, indicating phase separation between ceria and zirconia. This observation correlates with XRD data, as no distinct bulk zirconia reflections were observed for ceria-zirconia mixed metal oxides with zirconia content below 10%, however, bulk zirconia was present when zirconia content was above 25%. The bulk elemental analysis by EDX for the ceria-zirconia catalysts is shown in Table 3 . The ceria sample had no zirconium present in the bulk. This indicates that no contamination from the zirconia milling materials occurred during preparation. Elemental analysis of the mixed metal oxides showed that the cerium and zirconium concentrations were close to the nominal values for all mixed metal oxide samples. The Ce0.50Zr0.50Ox sample showed the largest variation in cerium and zirconium ratio, which may be due to the phase separation of the sample, leading to enriched areas of cerium and zirconium, influencing EDX sampling. The bulk elemental analysis by EDX for the ceria-zirconia catalysts is shown in Table 3 . The ceria sample had no zirconium present in the bulk. This indicates that no contamination from the zirconia Catalysts 2019, 9, 475 9 of 15 milling materials occurred during preparation. Elemental analysis of the mixed metal oxides showed that the cerium and zirconium concentrations were close to the nominal values for all mixed metal oxide samples. The Ce 0.50 Zr 0.50 O x sample showed the largest variation in cerium and zirconium ratio, which may be due to the phase separation of the sample, leading to enriched areas of cerium and zirconium, influencing EDX sampling.
The surface composition of the catalysts analyzed by x-ray photoelectron spectroscopy (XPS) is shown in Table 3 . No zirconium was identified on the surface of the ceria, confirming that no contamination from the zirconia ball milling material occurred during preparation. Although the bulk EDX analysis showed that the metal ratios were close to the nominal synthesis values expected for the mixed metal oxides, the surface ratios significantly deviated from the bulk ratios. In other studies, ceria-zirconia mixed metal oxide prepared by mechanochemical grinding of chloride precursors showed that a relatively small amount of zirconium was incorporated into the ceria framework. The excess zirconia was deposited on the ceria surface, or formed crystalline zirconia species [23] . In the present study, a similar conclusion was reached for mechanochemical preparation from carbonates, as there was mixed phase formation, evidence of discreet zirconia phases at higher zirconium content, and surface enrichment of zirconium. A general trend showed that the activity of ceria-zirconia mixed metal oxide catalysts decreased as the surface zirconium content increased, and this is consistent with the ceria-zirconia having greater activity than zirconia. The Ce 3d spectral region of the ceria-zirconia catalysts is shown in Figure 7 . The ceria only catalyst had the highest intensity peaks, which decreased upon increasing the zirconia content of the mixed metal oxide. Ce 4+ was the dominant oxidation state of all the ceria containing samples due to the presence of a large peak at approximately 917 eV, which is noted to be characteristic of Ce 4+ . The presence of Ce 3+ can be seen by the asymmetry of the lower binding energy side of the Ce4+ peak around 882.5 eV. For all zirconium levels, there was no significant change in the peak shape, suggesting the presence of zirconium does not significantly affect the oxidation state of the ceria in the mixed metal oxides. This was confirmed by the TPR analysis, in which the reduction profiles of the ceria-zirconia mixed metal oxides remained similar regardless of the zirconia content in the mixed metal oxides. Figure 8 shows the peak fitting for the O 1s XPS signal of the ceria-zirconia mixed metal oxide catalysts. There were three oxygen species present on the surface of the mixed oxide catalysts [43] . The first species assigned to the binding energy just below 530 eV is characteristic of lattice oxygen (O α ), whilst the species at 531 eV can be assigned to defective oxygen sites (O β ), with the species at 533 eV due to water or some surface carbonate species. All ceria containing catalysts had these species present, and as we consider the O β concentration to be related to the activity, the relative concentration ratios of only lattice oxide and O β are shown in Table 3 . The ceria had the lowest relative concentration of O β, and this value increased upon the addition of any amount of zirconia. The ceria-zirconia mixed metal oxides containing the lowest amounts of zirconia (5% and 10%) had the highest relative amount of defective oxygen species on the surface. Figure 8 shows the peak fitting for the O 1s XPS signal of the ceria-zirconia mixed metal oxide catalysts. There were three oxygen species present on the surface of the mixed oxide catalysts [43] . The first species assigned to the binding energy just below 530 eV is characteristic of lattice oxygen (Oα), whilst the species at 531 eV can be assigned to defective oxygen sites (Oβ), with the species at 533 eV due to water or some surface carbonate species. All ceria containing catalysts had these species present, and as we consider the Oβ concentration to be related to the activity, the relative concentration ratios of only lattice oxide and Oβ are shown in Table 3 . The ceria had the lowest relative concentration of Oβ, and this value increased upon the addition of any amount of zirconia. The ceriazirconia mixed metal oxides containing the lowest amounts of zirconia (5% and 10%) had the highest relative amount of defective oxygen species on the surface. The relationship between the relative concentration of surface Oβ and the activity for total oxidation of propane and naphthalene is shown in Figure 9 . It has been reported previously that the relative concentrations of Oβ in copper-modified ceria catalysts correlate with its naphthalene total oxidation ability [44] . For both propane [45] and naphthalene [46] , the process of catalytic total oxidation occurs via a Mars-van Krevelen mechanism, and the ease and extent of the oxygen removal from the lattice, i.e., its mobility, is key to catalyst activity [47] . These are controlled by surface oxygen The relationship between the relative concentration of surface O β and the activity for total oxidation of propane and naphthalene is shown in Figure 9 . It has been reported previously that the relative concentrations of O β in copper-modified ceria catalysts correlate with its naphthalene total oxidation ability [44] . For both propane [45] and naphthalene [46] , the process of catalytic total oxidation occurs via a Mars-van Krevelen mechanism, and the ease and extent of the oxygen removal from the lattice, i.e., its mobility, is key to catalyst activity [47] . These are controlled by surface oxygen species, oxygen vacancies, and other defect sites on the surface of the mixed metal oxide. The strong correlation between surface concentration of O β and the activity for both propane and naphthalene oxidation suggests that the surface defects are the key factor controlling catalyst activity. 
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Materials and Methods
Catalyst Preparation
A series of mechanochemically prepared ceria-zirconia mixed metal oxides were made using a planetary orbital ball mill (Retsch PM100). The Ce:Zr ratios studied were 100:0, 95:5, 90:10, 75:25, 50:50, and 0:100. Appropriate amounts of Ce 2 (CO 3 ) 3 .6H 2 O (Sigma-Aldrich 99.9%, Gillingham, UK) and Zr(OH) 2 CO 3 .ZrO 2 (Sigma-Aldrich 95%, Gillighma, UK) were weighed to the correct ratios and lightly ground using a pestle and mortar. The mixture was placed into a ZrO 2 lined crucible (10 cm) containing seven ZrO 2 balls (15 mm). The carbonates were ground in the ball mill at 200 rpm for 4 h at room temperature to produce the catalyst precursor. The powdered precursors were calcined under flowing air (400 • C, 3 h (ramp rate 1 • C min −1 from ambient)) to produce the catalyst.
Catalyst Testing
Catalyst testing was carried out using two continuous flow fixed bed microreactors. In both cases, catalyst samples were placed into 6 mm o.d. stainless steel tubes and secured between two plugs of quartz wool.
Propane total oxidation was carried out using a 50 mL min −1 flow of 5000 vppm propane in air. Catalysts were packed at a constant volume to ensure the gas-hour space velocity (GHSV) was 45,000 h −1 . Catalyst activity was measured in the temperature range of 200-600 • C at 50 • C intervals. The temperature was controlled by a K-type thermocouple placed in contact with the catalyst bed. The reaction was monitored using online gas chromatography (Agilent 7090B, Stockport, UK) with thermal conductivity detector (TCD) and a flame ionization detector (FID) in series. The TCD was used to analyze O 2 and N 2 , and an FID equipped with a methanizer was used to analyze CO 2 , CO, and hydrocarbons. Separation was done on two columns: a Haysep Q (80-100 mesh, 1.8 m × 3.2 mm) and a MolSieve 13 X (80-100 mesh, 2 m × 3.2 mm).
Naphthalene total oxidation was undertaken using 50 mL min −1 100 vppm naphthalene in He/O 2 . Gas phase naphthalene was generated in a thermostatically controlled furnace at 35 • C under a He flow (40 mL min −1 ), and then O 2 (10 mL min −1 ) was added. The total flow was 50 mL min −1 . The catalyst bed was heated using a clam-shell furnace. Activity was measured over a 100-250 • C range at 25 • C intervals. Temperature was controlled by placing a K-type thermocouple in contact with the catalyst bed. The reaction effluent was analyzed using online gas chromatography (Agilent 7090B), with separation achieved using an HP-5 (30 m × 0.32 mm × 0.25 µm) and a Haysep Q (80-100 mesh, 3 m × 3.2 mm) columns with FID and methanizer-FID detectors.
At each reaction temperature the catalyst was allowed to stabilize for a defined time before analysis of the reaction products was performed. Multiple analyses were carried out to ensure the catalyst was at steady-state, and activity data were obtained by taking the average of three reproducible analyses. Carbon balances for all propane total oxidation activity measurements were 100 ± 1%.
Catalyst Characterisation
Powder X-ray diffraction patterns were collected using a Panalytical X'Pert diffractometer (Malvern Panalytical, Malvern, UK), equipped with a Cu X-ray source operating at 40 kV and 40 mA. The ICDD standard database was used for phase identification. Crystallite size was estimated using X-ray line broadening by applying the Scherrer equation, comparing the experimental line widths of the four major diffraction peaks against a highly crystalline silicon standard.
Surface area analysis was done using a Quantachrome Quadrasorb Evo Analyser (Quantachrome, Hook, UK). Catalysts were degassed under vacuum for 16 h at 250 • C before surface area determination was undertaken. Surface areas were determined from five-point N 2 adsorption isotherms measured at −196 • C. The data was treated using the Brunauer-Emmett-Teller (BET) method.
Laser Raman spectra were obtained using a Renishaw inVia confocal Raman microscope (Renishaw, Gloucestershire, UK) equipped with an argon ion visible green laser. The wavelength of the laser used was 514 nm and spectra were collected in reflective mode using a highly sensitive charge couple device detector.
Temperature programmed reduction was performed using a Quantachrome ChemBET TPD/R/O (Quantachrome, Hook, UK). Catalysts were pre-treated under a flow of He for 1 h at 120 • C. Reduction profiles were attained by analyzing approximately 30 mg of catalyst under a flow of 10% H 2 /Ar (30 mL min −1 ), over the temperature range from ambient to 1100 • C, with a heating rate of 15 • C min −1 .
Scanning electron microscopy and electron dispersive X-ray spectroscopy were performed on a Tescan MAIA3 field emission gun scanning electron microscope (Tescan, Cambridge, UK) fitted with an Oxford Instruments X-ray Max N 80 detector. Samples were loaded onto a carbon tape and the data analyzed using Aztec software.
X-ray photoelectron spectroscopy was carried out using a Thermo Scientific K-Alpha + spectrometer (Thermo Fisher Scientific, East Grinstead, UK), equipped with an Al K α micro-focused monochromator operating at 72 W (6 mA, 12 kV). Survey and high-resolution scans were recorded at pass energies of 150 eV and 40 eV, respectively with a 1 or 0.1 eV step size. Surface charging was neutralized by a combined flux of low energy electrons and Ar ions. Spectra were calibrated against the C (1s) peak at 284.8 eV. The resulting data were analyzed using CasaXPS (v2.3.19rev1.1l, Casa Software Ltd., Teignmouth, UK), using Scofield sensitivity factors and an energy dependence of -0.6, after removal of a Shirley background.
Conclusions
The synthesis of catalyst precursors by mechanochemical preparation using carbonates is a viable route to active mixed ceria-zirconia oxide catalysts for the total oxidation of naphthalene and propane. The formation of mixed ceria-zirconia phases resulted in increased catalyst performance. Ce 0.95 Zr 0.05 O x was found to be the most active catalyst for propane and naphthalene oxidation, which follows similar observations for ceria-zirconia catalysts prepared by other methods. The preparation method led to the formation of single ceria-zirconia solid solutions phases at 10% zirconia and lower. Once the zirconia content was above 25%, ceria-zirconia and phase segregated zirconia were formed. EDX showed that the bulk concentrations were close to nominal synthesis values. However, the surface showed an increased zirconia concentration, indicating that the surface was not as well mixed as the bulk. The addition of zirconia led to a relative increase in surface oxygen defect species compared to ceria. The increase in these species showed significant correlations with activity for propane and naphthalene oxidation. Author Contributions: S.H.T. is responsible for conceptualisation and oversight of the research. P.M.S. and J.W.H.B. performed the catalytic studies and catalyst characterisation. D.J.M. performed x-ray photoelectron spectroscopy measurements and data analysis, whilst T.E.D. performed electron microscopy measurements and data analysis. All authors contributed equally to the preparation of the manuscript.
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